The mechanical properties of six 35Ag-30Pd-20Au-15Cu alloys containing different contents (2% and 4%) of Sn, Ga, or In and a 35Ag-30Pd-20Au-15Cu alloy without additives were evaluated.
INTRODUCTION
Recent studies by Goto et In addition, elongation would not be an important property for denture frame works but high elongation is desirable for crown & bridges as well as inlays.
The results of previous studied1-4) have shown that some of the prepared experimental alloys seem to have high hardness and low elongation, which indicates that these alloys need to be softened for crown & bridges and inlays.
In order to claim the efficacy of 35Ag-30Pd-20Au-15Cu alloys for multiple dental applications, it is necessary not only to determine the effects of different heat treatments on the mechanical properties of these alloys, but also to evaluate if these heat treatments could be effectively utilized in applying these alloys for different dental restorations.
In previous studied1-4), either Sn, Ga, or In was added to the 35Ag-30Pd-20Au-15Cu alloy and the effect of additives was investigated.
The results showed that these additives were very effective in increasing the strength and hardness of the alloy. As aforementioned, these results were obtained at ascast or ceramic-firing condition, but no information was available about the effects of these additives at different heat-treated conditions. The purpose of this study was to determine the effects of heat treatments as well as those of the additive metals such as Sn, Ga, and In at different heat-treated conditions on the mechanical properties of 35Ag-30Pd-20Au-15Cu alloy, and to evaluate if these alloys could have suitable properties for different dental applications. Table 2 shows the average values and standard deviations for tensile strength, proof stress, elongation, and Vickers hardness, as well as the statistical differences between the average values. Table 3 is the result of two-way ANOVA for the aforementioned three properties (tensile strength, elastic modulus, and Vickers hardness). <Tensile strength> Tensile strength of the experimental alloys ranged from 456.4 to 837.7MPa for mother alloy, 543.9 to 852.3MPa for Sn-added alloys, 616.3 to 956.4MPa for Ga-added alloys, and 459.4 to 887.6MPa for Inadded alloys (Table 2) . For Sn-added system, the effect of heat treatment on tensile strength significantly varied with Sn content (interaction; p<0.001). As shown in Fig. 1 , the H6 group showed drastic decrease in tensile strength when Sn content increased from 0% to 2% whereas the tensile strength of the other three groups significantly increased. As Sn content increased from 2% to 4%, the tensile strength of ST group significantly increased whereas that of H4 group showed no significant changes and was significantly higher than those of the other three groups at 4% Sn content (p<0.05). The tensile strengths of H4 and H6 groups were significantly higher than those of ST and H5 groups at 0% Sn content (p<0.05).
MATERIALS AND METHODS

Preparation
For Ga-added system, the effect of heat treatment on tensile strength significantly varied with Ga content (p<0.001). As shown in Fig. 2 , ST, H4, and H5 groups showed significant increase in tensile strength as Ga content increased from 0% to 2% (p<0.05). At 2% Ga content, the tensile strengths of H4, H5, and H6 groups were significantly higher than that of ST group (p<0.05).
No significant changes were observed when Ga content increased from 2% to 4% (p>0.05), and the tensile strength of ST group was still significantly lower than those of the other groups (p<0.05).
For In-added system, the effect of heat treatment also significantly varied with In content (p<0.001). Tensile strength of this alloy system changed with different heat treatments and In contents, as shown in Fig. 3 . As In content increased from 0% to 2%, the tensile strength of ST, H4, and H5 groups significantly increased and that of H4 group was significantly higher than those of the other three groups at 2% In content (p<0.05) . As In content increased from 2% to 4%, the tensile strengths of H5 HEAT TREATMENTS OF Ag-Pd-Au-Cu ALLOYS and H6 groups significantly decreased (p<0.05) . At 4% In content, significant differences in tensile strength were found among four groups-H4, H6, ST, and H5-in decreasing order of the magnitude of strength value (p<0.05). <0.2% off-set proof stress> The 0.2% off-set proof stress of the experimental alloys ranged from 327.5 to 760.7MPa for mother alloy, 391.2 to 814.9MPa for Sn-added alloys, 313.5 to 810.5MPa for Ga-added alloys, and 354.4 to 846.2 MPa for In-added alloys (Table 2 ) Due to fracture before 0.2% offset point, proof stress could not be measured for two alloys (4% In-and 4% Sn-added alloys) of the H4 group, five alloys (0% additive alloy, 2% In-, 4% In-, 2% Sn-, and 4% Sn-added alloys) of the H5 group, and three alloys (2% Sn-, 4% Sn-, and 4% In-added alloys) of the H6 group.
For Sn-added system, significant differences in proof stress were found among all the six alloys. Fig. 4 shows the proof stress for Sn-added system at different Sn contents with different heat treatments. As Sn content increased from 0% to 2%, the proof stress of ST and H4 groups significantly increased (p<0.05). At both 0% Sn and 2% Sn contents, H4 group showed significantly higher proof stress than ST group (p<0.05). Significant differences in proof stress were found among the ST, H4, and H6 groups at 0% Sn content. The highest was H6 group followed by H4 group, and the lowest was ST group.
Fig . 5 shows the proof stress for Ga-added system at different Ga contents with different heat treatments. The proof stress of ST and H4 groups significantly increased as Ga content increased from 0% to 2%, but then significantly decreased as Ga content increased from 2% to 4% (p<0.05). On the other hand, the proof stress of H5 and H6 groups significantly decreased as Ga content increased from 2% to 4% (p<0.05). At 2% and 4% Ga contents, the proof stress of ST group was significantly lower than the other groups, and that of H6 group was also significantly lower than those of H4 and H5 groups (p<0.05). Fig. 6 shows the proof stress for In-added system at different In contents with different heat treatments. The proof stress of H4 group significantly increased as In content increased from 0% to 2% (p<0.05), whereas no significant changes were found for H6 group (p>0.05).
The proof stress of ST group significantly increased as In content increased from 0% to 4%, and from 2% to 4% (p<0.05). Significant differences in proof stress were found among ST, H4, and H6 groups at 2% In content. The highest was H4 group followed by H6 group, and the lowest was ST group. <Elongation> The average elongation of the experimental alloys ranged from 0.02 to 11.18% for mother alloy, 0.00 to 25.01% for Sn-added alloys, 2.21 to 15.15% for Gaadded alloys, and 0.00 to 25.69 for In-added alloys ( Table 2) . Fig. 7 shows the elongation for Sn-added system at different Sn contents with different heat treatments. The elongation of ST group significantly increased as Sn content increased from 0% to 2%, and then significantly decreased as Sn content increased from 2% to 4% (p<0.05). On the other hand, no significant changes in elongation were found for the other groups regardless of increase in Sn content (p>0.05). At all Sn contents, the ST group had significantly higher elongation than the other groups (p<0.05). Fig. 8 shows the elongation for Ga-added system at different Ga contents with different heat treatments. The elongation of H5 group significantly increased as Ga content increased from 0% to 2%, and from 0% to 4% (p<0.05). A significant increase in elongation was also found for H6 group as Ga content increased from 0% to 4% (p<0.05). At all Ga contents, the ST group had significantly higher elongation than the other groups (p<0.05). Fig. 9 shows the elongation for In-added system at different In contents with different heat treatments. The mode of changes in elongation for the In-added system was almost the same as that of the Sn-added system. The elongation of ST group significantly increased as In content increased from 0% to 2%, and then significantly decreased as In content increased from 2% to 4% (p<0.05). Similar to Snadded system, no significant changes in elongation were found for H4, H5, and H6 groups regardless of In content (p<0.05). At all In contents, the ST group had significantly higher elongation than the other groups (p<0.05). <Modulus of elasticity> Elastic modulus of the experimental alloys ranged from 108.9 to 110.7GPa for mother alloy, 107.1 to 113.9GPa for Sn-added alloys, 105.1 to 110.8GPa for Ga-added alloys, and 105.2 to 106.9GPa for In-added alloys. As listed in Table 3 , the results of two-way ANOVA showed that the effects of all factors, including interaction on the elastic modulus, were not significant. <Vickers hardness> Vickers hardness of the experimental alloys ranged from 152.5 to 314.4HV1 for mother alloy, 175.2 to 369.7HV1 for Sn-added alloys, 169.6 to 304.4HV1 for Ga-added alloys, and 165.3 to 358.9HV1 for In-added alloys ( Table 2 ) . As listed in Table 3 , the results of two-way ANOVA showed that the effects of all factors, including interaction on the hardness, were significant. Fig. 10 shows the Vickers hardness for Sn-added system at different Sn contents with different heat treatments.
The hardness of all four groups significantly increased as Sn content increased (p<0.05). The ST group had significantly lower hardness than the other three groups at all three Sn contents (p<0.05).
The H5 group had significantly higher Fig. 7 Elongation of Sn-added system. Fig. 9 Elongation of In-added system. hardness than H4 and H6 groups at both 0% and 2% Sn contents (p<0.05). At 4% Sn content, both H5 and H6 groups had significantly higher hardness than H4 group (p<0.05). Fig. 11 shows the Vickers hardness for Ga-added system at different Ga contents with different heat treatments.
The hardness of H5 and H6 groups significantly decreased as Ga content increased, while those of ST and H4 groups significantly increased as Ga content increased from 0% to 2% and then significantly decreased as Ga content increased from 2% to 4% (p<0.05).
Regardless of the Ga content, the ST group had significantly lower hardness than the other groups (p<0.05).
The H5 group had significantly higher hardness than H4 and H6 groups at both 0% and 2% Ga contents (p<0.05).
Then at 2% and 4% Ga contents, H4 and H5 groups had significantly higher hardness than the H6 group. Fig. 12 shows the Vickers hardness for In-added system at different In contents with different heat treatments.
A significant increase in hardness was found for all groups as In content increased (p<0.05).
This mode of change was similar to that of the Sn-added system.
At all In contents, the H5 group had significantly higher hardness than the other three groups (p<0.05).
The hardness of H6 group was significantly higher than that of H4 group at 0% In content, but this relation was reversed at 4% In content with a significant difference (p<0.05). <Effects of heat treatments and additives on mechanical properties> From the aforementioned results, the effects of heat treatments and additives on mechanical properties Fig. 11 Hardness of Ga-added system. Fig. 12 Hardness of In-added system.
Fig. 13 Element distribution image for mother alloy (CP: Backscattered electron image). Arrows indicate the two phases (AM and BM).
are summarized as follows.
Tensile strength and hardness of Sn-added and In-added alloys significantly increased with H4 and H5 at 2% addition of each additive metal , but the proof stress of these alloys increased only with H4 at the same additive content, in comparison to those of the mother alloy (0% additive) with the same hardening heat treatments (p<0.05).
The elongation of Sn-added and In-added alloys significantly increased in ST condition at 2% content of each additive metal , in comparison to that of the mother alloy (p<0 .05). The tensile strength of Ga-added alloy significantly increased with H4 and H5 at 2% Ga content , whereas Vickers hardness significantly decreased with H5 and H6 as Ga content increased from 0% to 4% (p<0.05).
Proof stress significantly increased with H4 as Ga content increased from 0% to 2% (p<0.05). Elongation of this alloy significantly increased with H5 and H6 as Ga content increased from 0% to 4% (p<0.05) although no significant increases were observed for ST at all Ga contents in comparison to that of the mother alloy .
Elemental analysis Fig. 13 shows the area scan result for mother alloy (0% additive), Fig. 14 for Sn-added alloys, Fig. 15 for Ga-added alloys, and Fig. 16 for In-added alloys . Point scan was carried out for all phases which were differentiated from the area scan. The average content (atomic%) of each element is listed in Table 4 for mother alloy, Table 5 for Sn-added alloys , Table  6 for Ga-added alloys, and Table 7 for In-added alloys. The average contents in different phases were statistically compared for each of the 28 alloys using Arrows indicate the three phases (AG2, BG2, and CG2) in 2% Ga-added alloy and the three phases (AG4 , BG4, and CG4) in 4% Ga-added alloy. t-test for mean value comparison, and the results are included in Tables 4, 5 , 6, and 7.
For mother alloy two phases were observed (Fig.  13) . One phase (AM phase) was characterized by high distribution of Pd, and the other (BM phase) by that of Cu. These phases were clearly differentiated in the H5 specimen, but were relatively dull in H4 and H6 specimens and very unclear in ST specimen. As shown in Table 4 , the Pd content of AM phase was significantly higher than that of BM phase and the Cu content of BM phase was significantly higher than that of AM phase.
The Sn-added alloys consisted of two phases. One phase (As phase) was characterized by high distributions of Pd and Sn, and the other (Bs phase) by those of Ag and Cu (Fig. 14) . At 4% Sn content, these phases were more clearly observed.
As shown in Table 5 , the Pd content of As phase was significantly higher than that of Bs phase and the Cu content of Bs phase was significantly higher than that of As phase. A significantly higher Sn content was also found in As phase than in Bs phase.
For Ga-added alloys, different phases were observed at different Ga-contents (Fig. 15) . At 2% Ga content, the alloys consisted of three phases. One phase (AG2 phase) was characterized by relatively high distribution of Pd, one (BG2 phase) by high distribution of Ag, and the other (CG2 phase) by very high distributions of Pd, Cu, and Ga. As shown in Table 6 , significant differences in the average Lines at the right side of the standard deviation are significantly different at p<0.05. contents of these elements were found between different phases. The 4% Ga-added alloys also consisted of three phases.
One phase (AG4 phase) was characterized by high distributions of Ag and Pd, one (BG4 phase) by relatively high distribution of Cu, and the other (CG4 phase) by very high distributions of Pd, Cu, and Ga. As shown in Table 6 , significant differences in the average contents of these elements were also found between different phases.
For In-added alloys, two phases were observed (Fig. 16) . The distributions of elements in these alloys were very similar to those of Sn-alloys. One phase (AI phase) was characterized by high distributions of Pd and In, and the other (BI phase) by those of Ag and Cu. At 4% In content, these phases were more clearly differentiated.
As shown in Table  7 , the Pd content of AI phase was significantly higher than that of BI phase and the Cu content of BI phase was significantly higher than that of AI phase. A significantly higher In content was also found in AI phase than in BI phase.
DISCUSSION
Previous studies by Shimizu et al.3) and Yamanaka et al. 4 ) have shown that the cooling rate of 35Ag-30Pd-20Au-15Cu alloy containing 2% or 4% Ga in as-cast condition4) was lower than that in the firing cycle of an ultra-low fusing ceramic3), which resulted in the different mechanical properties between these two studies.
The strength and hardness of 2% or 4% Ga- these different phases in the experimental alloys were that Sn-added and In-added alloys are hardened by a produced even at their solidification stage. similar mechanism. In comparison to the AM phase The hardening heat treatment was carried out at formed in the mother alloy, the AS phase in Sn-added three temperatures that were also chosen based on alloy and the AI phase in In-added alloy had lower DSC results.
The highest temperature for hardening Ag and Cu contents and higher Pd content, which heat treatment was set at 600t . This temperature could be attributed to the addition of Sn and In in might be too low for 4%Sn-added alloy and 4%In-the respective alloy. It was very likely that these adadded alloy since their exothermic changes started ditive metals formed a different structure, such as an from 737°C and 733°C respectively.
However, it was intermetallic compound that reacted with the other assumed from the results of a previous study3~ that four elements, with the hardening heat treatments, these alloys would be highly hardened at the higher thus resulting in higher hardness and much lower temperature.
Thus the highest heat treatment temelongation.
On the other hand, the contents of the perature was set at 600°C. Actually, at H6, these alfour elements (Ag, Pd, Au, and Cu) in BS and BI loys had a very brittle property -as shown by the phases were almost the same as those in BM phase at failure in proof stress measurement as well as very ST condition. This suggests that the structures of low elongation.
these three phases (BM, BS, and B1) were almost the The mechanical properties of the experimental alsame, and that the additive metals did not form a loys changed in wide-ranging ways with the hardendifferent structure in BS and BI phases. Thus, both ing heat treatments.
These changes could be related BS and BI phases were hardened by the formation of to the phase changes in the alloys. To explore phase PdCu-ordered structure with the hardening heat changes, both the distribution and content of the eletreatments.
It was probable that both Sn-added and ments were analyzed.
The mother alloy consisted of In-added alloys were hardened by structural changes two phases characterized by high Pd content (AM) in the two phases with the hardening heat treatand high Cu content (BM) at all four heat treatments. ments.
It has been demonstrated by some studThe elongation of 2%Sn-added alloy and 2%In-ies5-7~ that the formation of PdCu-ordered phase is added alloy was much higher than that of the responsible for the hardening of Ag-Pd-Au-Cu alloys.
mother alloy at ST condition. This difference could As shown in Table 4 , both AM and BM phases conbe related to the oxidation of the mother alloy. The tamed Pd and Cu although little differences were additive metals could have worked as deoxidizing seen in their contents between these two phases. Acagent when the alloys were subjected to high temcording to a literature for ternary alloy diagrams8~, perature in air. The mother alloy without these adboth AM and BM phases consist of ordered PdCu, ditives might have had more oxidation, thus a 1 (Pd) , a 2 (Cu) , and a s (Ag, Pd) , suggesting that resulting in less elongation. Studies by Nagasawa et both phases are responsible for the age hardening of al,10,11> have indicated the oxidation of an Ag-Pd-Authe mother alloy.
These assumptions, however, are Cu alloy and Type 3 gold alloy when heated at 860 based on the exclusion of Au which could form an-°C and 895°C, respectively. To examine the effect of other phase in the alloy. A study by oxidation, an additional test was carried out. The dicated that the age hardening of a low-gold alloy specimens -of the composition of mother alloyconsisting mainly of Au, Ag, and Cu was characterwere prepared and subjected to ST condition in argon ized by the precipitation of Cu-rich a 2 phase in the gas atmosphere. The mechanical properties of these a phase (Au) . Although the Au content in the prespecimens were then evaluated using the same sent study was much lower than that in their study, method as described before. The elongation of these another phase involving Au could also be formed in specimens improved by nearly 20% whereas their the mother alloy. Therefore, further studies includstrength remained as it were, suggesting that oxidaing X-ray diffraction analysis and detailed tion was one of the reasons for the low elongation of microstructural observation are necessary to explore mother alloy. A high decrease in elongation was obthe hardening mechanism of the Ag-Pd-Au-Cu alloy.
served for Sn-added and In-added alloys as Sn and In For Sn-added and In-added systems, not only the contents increased from 2 % to 4%. At 4 % additive heat treatments but also the addition of Sn or In to content, AS and Al phases might have structures difthe mother alloy significantly changed the mechanif erent from those at 2 % content, as indicated by the cal properties of these alloys.
A similar change in increase in additive content at ST condition. mechanical properties was found between Sn-added The Ga-added alloys showed a different mode of and In-added alloys. The changes in elongation and change in mechanical properties from the other alhardness of these alloys were almost the same. Beloys. Elemental analysis results showed that the forsides similarities in these mechanical properties, the mation of three phases was quite different from distribution of elements and their contents in the those of the other alloys. The greatest difference formed two phases were very similar to each other, was that CG2 and CG4 phases were characterized by as indicated in Tables 5 and 7 In addition, the elastic modulus of these experimental alloys is more than 105GPa -which is higher than a Type 4 gold alloy (88-99GPa) 15,16) Therefore, it is very likely that these experimental alloys have high potential to be used for a variety of dental restorations. added alloy, 2% In-added alloy, and 4% Ga-added alloy can be used for different dental restorations such as crown & bridges, inlays, and denture frameworks.
CONCLUSIONS
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